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ABSTRACT

Recent improvements in rare earth magnets have made it .
possible to construct strong, 1lightweight, high horsepower
DC motors. This has cccasioned a reassessment of electrome-

chanical actuators as alternatives to comparable pneuratic
ard hydraulic systems for use in flight control actuators
for tactical missiles. This thesis cdevelops a lcw-crder

ealala

i* mathematical model fcr the simulation and analysis of brush-
s less LC motor performance. The model is iaplemented in CSiP
language. It is used to predict such motor performazce
curves as speed, current and power versus torgue.

4
Electronic commutation based on Hall effect senscr rosi- -
tional feedtack is sigulated. Steady state motor ktehavior 1
is studied under both constant and variable air gap flux e
conditions. The variable flux takes two different forus. ’ Q’f
In the first case, the flux is varied as a simple sinusoid. -
In the second case, the flux is varied as the sum of a sinu-
soid and one of its harmonics.
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I. INIRCDUCTIION

LCirect current electric motors are jainicg wider use in
space aprlications wtere long life, higna reliability, Lkigh
torgue and 1light weight are <c¢ritical factors. Ir recent
years, advances in pagnet technology and materials, esfe-
cially the use of rare earth magnets, have made fpossitle
significant imprcvements in the torque +to inertia ratios of
permanent magnet (PM) motors. Samarium cobalt is cne such
rare e€arth magnetic material. The Jreat potential of the
rare earth magnets derive from their inherent high flux
density and high coercivity properties. Higher flux densi-
ties mean greater developed motor torgue while high coer-
civity means greater innate resistance to demagnetization
which permits thinner magnet sections. The two factors in
combination result in increased mechanical power arnd energy
product with decreased physical size and weight.

Brushless dc moters belong to this class of permanent
magnet motors and -thus enjoy their improved torgque %o size
characteristics. In fact, brushless dc motors are sigrifi-
cantly smaller than either their ac counterparts or coaven-
tional trush-type dc motors on an equal horsepower basis.
Compared to 1its conventional counterpart, a trushless ic
motor's structure is "inside out."™ 1In the brushless coanfig-
uration, the permanent magnets are attached to the rotc¢r and
the ccnducting coils are placed in the stator. As its rame
suggests, brushes bhave been eliminated from this type o2
motor. Instead, ccmmutation of current in the stationary
armature is accomplished electronically by switching cr the
appropriate windings via transistors specially designed to
provide the high currents needed for motor power. In crder
to seguence the curient to the coils, the comnutation
circuitry is provided rotor position feedback from sensing
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devices, most commonly from Hall effect sensors. These ara
simple semiconductor devices that develoz a pclarizeld » .
voltage depending ufon the magnetic field passing throujhn
then. Small, highly sensitive and reliable, Hall effect
senscrs require little power to operate and thus are widely %E?

used. 2

Brushless dc motors possess all the advantages tradi-
tionally associated with conventional dc mnmotors such as ]
linear torque-speed characteristics, excellent resronse :
times and high efficiency. In addition, there are a nualrer .
of important advantages that brushless dc motors pcssess
over standard brush-type dc motors. An obvious advantage is
that electronic comnutation means the elimination of commu-
tators, the wear and tear of brushes, and the builld up of
carbon dust which heretofore significantly limited the life oo
of the standard dc motor. Since electronic «current
switching essentially involves no component wear, there
results improved reliability apd enhanced lifespan. as well
as being subject to wear and tear, the action of trushes
sliding over commutators also generates radio <freguency
interference (RFI) which is a severe 1liability in many
applications. In fact, it is often in hostile and exylosive
environments that tke advantages of dc motors are most

needed. Another benefit is in heat transfer charactecis-
tics. By placing windings in the stator the thermal patih to

e———

the environment is made shorter and more direct. Wwith the
removal of heat thus enhanced, mechanical and electrical
malfunctions Jdue to Leat are reduced. A further important
advantage of the brushless dc motor is in the area of motor
speed variability. VWhereas ac motors usually operate at one
speed fixed by the powerline frequency, any dc motor's speed
can ke ctanged to meet varying power requirements by simgly
adjusting the dc input voltage. The electronic commutation

scheme cf the brushless dc motor lends itself nicely to just txkﬁ

10
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this type of variable speed <control. It is a relatively
simple matter to attach to the commutation «circuit :tcari a
small, inexpensive microprocessor whose logic can bz
rrogrammed to run tle motor at any of several speeds or in
either direction. A single motor can thus be programned, in
place if desired, sc that 1its speed, direction and tcraue
are matcted to a particular apgpplicatioa. '
There are at 1least as many applications for trushless
dc motors as there are for brush-type motor systems as welil

as a hcest of new applications. Of particular relevance t»

this thesis is the use of brushless dc wmotors im Zlight
contrcl actuator sytems of Navy tactical nissiles, in
particular, the cruise missile. There are tiaree gereral
types of actuators that are in use in missile systems: fpneu-
matic, hydraulic and electromechanical. The maneuvering
requirements of the mcre advanced tactical missiles call for
high contrecl torques which heretofore could only be produce?l
by high fressure pneumatic or hydraulic actuators. 3cth of
these actuator systems are more susceptible to mechanical
malfunction than their electrical counterparts. Witr the
improved torgque to inertia ratios resulting from better rare
earth magnet materials and the higher mechanical reliability
due to removal of brushes, as well as other advantajes
previously enumerated, the brushless dc motor is in a fposi-
tion to compete with most pneumatic and hydraulic systers.
This thesis is but one part of a detailed study of the state
of the art in electrcmechanical actuators as applied tc the
cruise nissile system [Ref. 1].
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II. NATORE OF THE BROBLEH

A. FHBOGEAMMING LANGUAGE

.

The objective of this thesis 1s to create a simplifieid

low-crder mathematical model that will

the response of a brushless dc notor.

accurately sinulate
The IBM Continuous

System Mcdeling Program (CSMP) was chosen for use since it

is a user-oriented ccoputer language

specifically <c¢reated

for modeling dynamic prhysical systems and is ore of the wmcst

widely used in this area [Ref. 2].

It has the flexihility

of deterxining the <response of a system that is amodeled

eitker in a block diagram format or

as a set of ordinary

differential equations, While CSMP is an offshoot of IBA's

Digital Simulation Ianguage, it embodies Fortran as its

source language and retains auch of Fortran's capability and

flexikility. CSMP is an applications-oriented rrecgrano

intended for use with the 1IBM mainframe systens. The

utility and ease of using this progran

simplified pfogram centrol statements
describe the mathematical equations or
the system and from the flexitility of
which ccntains preprogranmed function

languaje stems fron
that almost exactly
physical variables of
its program structure
blocks that obviate

the @need for complicated subroutine programming. In

essence, CSMP was chosen because it

permits the user to

concentrate on the details of the physical system ratlrer

than on the time-consuming complexities of programming.

B. SYSTEM BLOCK DIAGEFAM

The block diagram format was chosen as tue basis for

the CSMP program since it is a convenient way of analyzing

the input-output relationships cf a physical system and the

12
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flow of signals through it without having to refer to the
syster eguations, The tasic idea of a block diagrar stems
from the application of Laplace transforms to a systea's
integro-differential cr differential equations. In effect,
a differential equaticn is rendered into a siapler aljetraic
expression which, in turn, becomes a fundamental equaticn of
a systen's functional blocks. Each block indicates the
relationship between its input driving signal and output
response; ie., the transfer function of the input anij
output. The transfer function is defined as the ratio of
the Laplace transform of the output to thne transform of the
input with all initial conditions assumed to be =zerc. i
Flock's transfer function does not include any information
apout the internal =structure of that part of a systea,
merely the transformation of a signal between two pcints in
a systemn. Furthermcre, it should be borne in mind that all
rhysical systems have certain transfer characteristics that
are actually nonlinear to some extent. A ic motor systen
can be fairly accurately described using the transfer furc-
tion approach to modeling and, when nonlinear transfer char-
acteristics exist, CSMP modeling can usually be cbtained
from preprogrammed ncnlinear function routines.

C. DEVEICPMENT OF HMCTOR SYSTEM EQUATIONS

In crder to construct the block diagram of a systenm,
one aprroach is to identify the various wmathematical relia-
tionships between the components of the system and to write
balance equations that will identify each individual tlock
comprising the system. The system equations for a brushless
dc motor are presented in chapter three where all the
details of the logic control and switching of transistors
for ccemmutation of tlke motor are developed. What follows is

a sipplified input-output characteristics model of the type

T TN T L LT T TN
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that has been a standard for btrush-type dc motorzs wused in
contrcl system studies [Ref. 3]. The development of this
input-output model is the first learning step in the
modeling rfrrocess for the brushless dc¢ aotor and has the
additional wusefulness of being a tool for a concurrent
mechanical engineering study cf load torgue reguireuwents for
the mctor [Ref. 1].

To write the electrical blalance equation describing; a
rasic dc¢ nmotor, the classical loopy method lased on
Kirchoff's voltage 1law is applied to the -eguivalent motor
circuit (Figure 2.1).

;
T _:‘

Figure 2.1 Equivalent DC Motor Circuit -T
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The tasic dc motor has the coil windings on the armature and
the magnetic field scurce on the stator. In the case of the
brushless dc motor, the rotor consists of permanent Rnagnrets
that produce the magnetic field and the stator contains the
coil windings. The Kirchoff Law for the stator circuit is

es(t) = Ldi/dt + Ri(t) + eb(t) {(egr 2.1)

where R and 1 are the stator resistance and inductarnce
respectively, and eb (t) is the back enf. When a conductor
moves in a magnetic field, or there is any relative action
Letween the magnetic field source and the conductor, a
voltage is generated across the terminals of the conductor.

In the case of the dc motor, the voltage is prorortional to
the shaft velocity and tends to oppose the current flow.
The relationship between the kack emf and the shaft velccity

R

- is

Er- es(t) = (Kn*)*wm (t) = Kb*wn (t) (eqn 2.2) -
Fi .
&i es(t) = Kbtdem (t)/dt (egn 2.3)

?i Substituting and rearranging equations 2.1 and 2.2 into —
@i their differential forms gives the following two equations.

diszdt=(1/L)*es (t) - (E/L) *i (t) - (1/L) *Kb*wnm (t) (eqn 2.4)

doem (t) ydt = wm(t) {(egn 2.5)

T

%} The basic ltalance equation that describes the motor as

o a4 mechanical system derives from application of Newton's
laws of motion to the system components. The dynamic egua-
tion for a motor coupled to its load is

tom(t) = J*dwm(t)/dt + Brwm(t) + tl(t) (eqn 2.6)

15
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where tl(t) is the lcad torgue.
Leconmes
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Rearranging the eguation it

dwm (t) /dt=(1/J) *to (t)-(1/T) *tl (t) - (B/J) *wn (t) (egn 2.7

P is the total viscous friction
is comprised of the sum of the
motor, Bm, and thé load, Bl,
Likewise, J is the total systeum

of the wmotor inertia, Jm, and

reflected through the coupling

coefficient of the nmcter and
viscous friction due tc the
as seen by the motor staft.
inertia comprisea of the sua
of the load irertia, Ji,

device to tae motor shaft.

Both Bl and J1 are functions of the motor's speed relucing

mechaniss where N is the speed

reduction ratio (;F>1). The

following equations summarize the forejoing.

3 = Bm + Bl
J=Jdn + J1
Bl = Blp/N
J1 = Jlp/N

(egn 2.8)

(ein 2.3)

{(egn 2.10)

{egn 2.11)

Jlp and Blp are the inertia and viscous friction seen at the

load side of the syster. Since a dc motor is c¢ssentially a

torque transducer that converts electrical erergy iato

mechanical energy, the following equation is necessary to

show the relationship amoung the developed torque, tz(t),

the air gap flux, ¢, and the stator current, i(t).

tm(t) = (Km*) *i(t)

{egn 2.12)

Because the magnetic field in the motor 1is assumed uniforn

and constant, this can be simplified to

16
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tom(t) = Ktxi(t) (eqn 2. 13)

where Kt is the torgue constant of the motor.

Equations 2.1 through 2.13 represent the cause and
effect egquations of the systen. The applicatior oI es(t)
produces a current flow wkich causes the torgque and the sack
enf tc be generated. The torque produced then causes the
angular displacement 6m(t). Given the Jdifferential ejua-
tions of the system, the Laplace transform can fte arrclied
and the block diagram of the system jenerated. As arn
exanple, the block fcr egquation 2.1 is generated as Iollous

es(t) - eb(t) = L*dizdt + R*i(t) {egn 2. 14)
Lies(t) - eb(t)} =L [L*diszdt + R*i(t)} {egr 2.15)
En(s) = Es(s) - Eb(s) = (Ls + R)*I(s) (egqn 2. 16)
I(s)/En(s) = Is/(Es - Eb) = 1/(Ls + R) (egqn 2.17)

Performing the same operation to the remaining differerntial
equations, the block diagram in Fijure 2.2 resuits.

It is important to note that while a dc motor is tasi-
cally an open-loop system, the back emf of this tyre of dc
motor acts as a natural feedbtack 1loop that tends to iafprove
the stability of the motor.

Cnce the basic rlock diagram is developeAd, writing a
C5MP frogram is simple and fairly straightforward. Care
must be taken, however, to put the block transfer functions
into the proper format for CSMP's functional blocks. A copy
of the CSMP program for a tasic dc motor is provided in
Appendix A.

17
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III. CUORVE PREDICTION

——— . e s S et

A. OVERVIEW

Cne o the purpcses of this model is to produce a set
of rerformance curves that accurately simulate a given
motor's behavior when operated under varying load «condi-
tiors. As such the model can be a useful tool for studying
the changing performance due to the confijuration changes of
a motor under develorment or for observing the beiaavior of a
motor under varying conditions of application or environ-
ment. Thus, having developed an input-output computer model
for the DC motor, the next step was to assign values tc the
model parameters and run the prograan. Prograa inguts,
constants and parameters were assigned values that are
typical of brushless DC @motors commercially available.
Table I rrovides the rarameter values for a given motor that
will te used as a generic motor for the following analysis
and discussion.

TABLE I
Typical Ccamercial Motor Parameters

Stator Resistance, R 2.74 ohms
Stator Inductance, L 0.0016 henries
Torgue cornstant, kt 15.9 ozZ=insaung
Back EMF constant, Kb 0.112 volt/rad/s
Rotor Inertia, Jm 0.001 0z-in/s?
Viscous friction .
Coefficient, Enm unknown oz-insrad/s
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B. SPEED VS TORQUE CURVE

Specifically, three curves were produced: motor speed
vs. generated torgue, current vs. torjue and output fpow

vs. toryue. Since rermanent magret DC motors Lave 1

characteristics, a straight-line curve resulted unde

L N o]
w
D — & @
fu = 1y

load conditions when the parameters of Table I were irsert
into the model and a voltage of 30 VDC was appilied. In
order to fully understand the individual contributiorns ol
the varicus motor parameters on the speed-torqgue curve, it
was necessary to determine the mathematical relaticrnships
Eetween the parameters. FEeferring to eguations 2.1 and 2.5,
the electrical and =motor eguations when considered urder
steady state conditicns become

es (t) E*i(t) + REb#*wm(t) {eqn 3.1)

1]

tm(t) Kt*i (t) {(eqn 3.2)

Solving for i(t) and combining the ejuations results in
es(t) = (R/Kt)*tm(t) + Kb*wn (%) (egqn 3.3}

Vhen there is no torque applied to the motor, the current is
small encugh to neglect and the no-load velocity becomes

wnl = es/Kb (egn 3.4)

Given that the applied voltage is a constant, it is aprarent
that knowledge of tle value of the back emf constant, Kb,
will prcvide the various no-load speeds for any value of
applied voltage. On the other hand, in the absence of any
known motor specifications, the no-load speed of a givex
motor «can ke empirically measured and then the back enf
constant, Kb, can be mathematically derived.
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looking next at tie slope of the speed-torgue curve, it
can ke seen that whereas one endpoint oI the curve ternmi-
nates at no-load speed, the other ends at stall which is
that value of torgue which is large enough to literally stop
the mpotor. Fror equations 3.1 and 3.2, with wm set to zero
the generated torgque, tm(t), at stall is s given by

ts = (Kt/R)*es {egn 3.5)

Combining equations 3.4 and 3.5, the equation of a straight
line for the speed-tocrque curve results in

wom{t) = wnl - (Rm*tm(t)) (egn 3.98)
where
Rm = R/(KL*Kt) (egn 3.7)

and Em is the slope factof for the curve, also called the
speed regulation constant. Otviously, changing any or all
of the parameters will alter the slop2 factor, Rm. However,
the back erf constant, Kb, and the torgue constant, Kt, are
strictly related by thke common factor, air gap f£lux, ¢. In
fact, when both constants are put in the MKS system of
units, Kb in volt/rad/s and Kt in Nm/amp, then they are
equal as equation 3.8 shows.

Kb (volt/rad/s) = Kt (Nm/amp) (egn 3.5)

Thus, kncwledge of either constant provides knowledge of the
cther. Referring to equation 3.7, it can be seen that the
final unknowns are tte resistance, R, and the slope factor,
Rm. If the resistance, R, is known from manufacturer sfpeci-
fication sheets, for example, then the slope, Rm, can be
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easily sclved. On the other hand, if g¢iven an eapirically
measured speed-torque curve, it is now obvious that the
curve not only provides Kb which in turn provides Kt, bat it
also can provide a derived value for motor resistance, R.
Once acquired, the three basic jarazeters, Xb, ¥t and %,
were fplugged into the CSMP model and the speed-torgue curve
for a 30 VDC input was generated (see Figure 3.1).

This same procedure can be used to produce a family of
speed-tcrgue curves if ié is desired to study a a1notor's
performance under different input voltages. Figure 3.2
shows the family of curves produced when the values given in
Table I were entered into the pnpodel.

C. COURRENT VS TORQUE CURVE

With the speed-tcrgue curve understood, the next task
was to repeat the same general procedure for the @pmotor
current vs. torjue. As a starting poirt, the eguation for
the steady-state current is given by

iss(t) = (es{t) - Kk*wm(t))/E {egn 3.9)

Since Kt and R were fixed by the speed-torgque curve, gener-
ating a current-torque curve was straigntforward procedure
for any arplied voltage (see Figure 3.3).

D. CUTPUT POWER VS TCRQUE CURVE

The final performance curve to be studied was the

output pcwer vs. torgue curve. The basic equation fcr Ffower
is given by

P(t)

to(t)*wm(t) (egn 3. 10)

P (t)

Kt*i(t) *wm (t) (eqn 3.11)
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_SPEED VS TORQULE CURVE
=2
O B .
0 32 61 a6 128 160
TORQUE (OZ-1N)
— I
Figure 3.1 Motor Speed vs Torgque Curve
where pcwer is measuredl in watts. Since this eguation

involves no new constants, frolucingj tle power <Curve «as
only a matter of addiny a line to the existing model wiich
also included a conversion factor for changing the tcraoue

units frem oz-in/amp to Nm/amp in order Ior the power to he
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Figure 3.2 Family of Speed-Torque Curves

dimensionally correct in watts. Ajain running the prcjrin
with the parameters given in Table I, the model produced the

fower curve Jiven in Figure 3.4
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Figure 3.3 Motor Current vs Torgque Curve

As expected both the speed-torjue and current-torjue
curves were linear. The power-tcrjue curve is obviously not*
linear, especially at hij;h lcals vhere the power tejins to
roll cff fairly shargly. Froma the molelling pcint 2f view
this is due solely tc the fact that the motor slicws dcwn

faster than the load torque increases {see ejuatiorn 3.9).
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Figure 3.4 Output Povwer vs Torque Curve

Another factor that further accentuates this power rollcff
in an actual aotor is the effect due to arrzature reaction.
Whenever a current flows through the =rmotor armature 1in a
Fermanent maynet dc mctor, the arnature Leccires an electro-
magnet which produces a flux that tends to oppose the fliux
froduced by the fermanent magnets. This has the effect of
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partially 1demagnetizing the permanent nagnets. This
demagnetization is a reversitle effect, meanihg that as
current returns to 2zero the permanent magrets returr to
their full strength. However, as the current increases and
armature reactior sets in, it has the effect of decreasing
the torque constant, Kt (as well as Kb). As equation 3.°%
indicates, this also contributes to the output power rolicff
at high loads. Though current rermanent majrnet IC nctors
made c¢f rare earth magnets have high coercivity that resists

'

armature reaction, at high levels of rated current a ssal
amount of armature reaction still occurs. For the rpirroses
of this thesis, the model is considered to accurately sizut-
late nmotor behavior fcr loads up to the peak power load tor
the given applied vcltage. From that load wupward, it is
assumed that armature reaction is likely tco occur anéd result

in nonlinear behavior which is not included in this rodel.

E. MCTOBR REVERSAL

The final step in the modeling procedure was to reverse
the motor's directior and ensure that mirror images or ths
three curves resulted. To do this, it was first recessary
to replace the positive input voltage with a negative ccunt-
erpart. Next, in order to maintain model consistercy where

the lcad tcrque, tl(t), is treated as a tor;ue that ofiose

N

the mcticn of the rmctor, it was necessary to prodify the
model so that the load torque was a pc¢sitive value. Tiis
consisted of creating a CSMP procedure block that identifiel
the input voltage as either positive or negative ard tlen
treated the load torgue accordingly. Once projram lugs were
removed, the model accurately simulated anotor reversal wita
proper speed, current and power values for the approgrriate
load conditions.
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[i Iv. ELECTRONIC COMMUTATION .

A. SWITCHING ACTION

.&} The next major step in this thesis was to convert the
*.E tasic model of a standard brush-type dc zotor into a three-

phase, fcur-pole brushless dc motor systen. Figure 4.1
1 shows this system with the three-phase stator windings
configured in a standard 'star' connection with each windirg

i;] oriented 120 electrical degrees from the others.
Ve -
I A —
. a1 d21; d’}J:
i ot [-}] ‘T a3y 9
[ 8,
. > -
os o { os
Eﬁdct T ds‘1k 2 a6l -
Rt o

Figure 4.1 Controller Configuration

The six transistors are connected to the ends of each stator
leg and through logic-controlled switching action rfrecvide
three-phase full-wave motor ccntrol. Figure 4.2 indicates
the switching logic sequence for counterclockwise rotation.
o To produce clockwise rotation, the sejuence is reversed.
In either case, a pair of transistors will be switched at
the start of each 30 degree (mechanical) interval which

causes current to simultaneously build up in one leg, £flow
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Figure 4.2 Switching Logic of a 3-Phase Prushless [C Motor

steadily in a second, and decay to zero in a third. Given
proper sequencing, the net Jdeveloped tor;ie ideally reacles
a steady state value that causes aotor rotatiasn at a
constant speed in the desired direction.

For windings configured in a star arranjewent, it can
be seen that <conduction 1s ccntinuous irn one lag while
commutation occurs in the other two lejs. Tor exauwpiv, 1S
Q1 and ¢5 are energized between 30 anl 63 lejyrees (mechan-
ical), current flows down leg A anl into leg B. At the sacc
time, the current through leg C lue to the energy stcrage
rehavior of an inductor decays to zero throunjh dicde, 2
(see Figure 4.1). In the next seguence, 60 to 30 degrowcs,
C6 is energized and (S switched off. Current has reach 1 a
steady state flow thrcugh leg A, but now it flows dcwn lej =
and the current in leg B decays to zero through D2. It the
next sequence, 60 tc 120 degrees, (2 is switched or aind 1
switched off. Current has reached steady state flow throujgl
leg C but now «current builds up and flows from 1leg B wiuile
the current in leg A decays through lej C. This saae action
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repeats in subseguent commutation states. iookirny at yoint
C in Figure 4.1, it can be seen that, sizce current is
always continuous 1in ome leg whether flowing intc cr fron
node [, Kirchoff's Current law reguires that the net current
flowirng in the other two 1legs must egual the flow in the
continuous leg. This permits the following imperta
simplification which was needed 1later 1ia the zodeling
Frocess. Namely, the three-legged stator can be apgrox

mated by Jjust two wirdings serially coniigured. Ore le
will always accurately reflect steady state flow coniiticns
while the other will be treated as if it were irn ste

state because the build up in one leg is balanced ty decay
in the cther. It is recognized that this model is a first
approximation and that future modeles will require adii-
tional refinements in order to adeguately represert the
effect of switching tramsients on the transistor ani 3diode

€lenents.

E. HALL EFFECT SENSCE FEEDBACK

As was mentioned in the introduction, the switching
action cf the commutation circuitry is Dbased upcn rotor
position feedback frcm Hall effect sensors. In crder to
represent electronic switching and postional feedback, as
well as the three phase winding configuratiorn, it was neces-
sar7 tc¢ modify the rlock diagram of Figure 2.1 to that in
Figure 4.3

Comparing Figures 2.1 and 4.3, it 1is seen that the
chief difference is in the switching 1logic tlock and the
addition of two more transfer function blocks to acccunt Zfor
the additional windirgs. To better understand the logic
relationship between the sensors and the <current switches,

the truth table for both counterclockwise ard clockwise

rotatior is presented in Table II.
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Figure 4.3 Equivalent Circuit With Electronic Commutation.

A brief review of the action af a Hall effect senscr is
in order at this point. Consider a conducting material with
a constant current flow. When there is no external magnetic
field present, the current flows wundisturbed in a straigjkt
line. But when a magnetic field is applied, a deflecting
force, the Lorentz force given by I1 x B (where I 1is the
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TABLE II
Sensor and Switching Logic -

RPS A RPS B KPS C Pd A PH B FE C
1 1 0 high low orer o
1 0 9 high open icw o
1 0 1 open hlzh icw -
Q 0 1 1low hijh oren
0 1 1 low OpEn high
0 1 0 open low Lidh
COUNTERCIOCKWISE
0 0 1 low kigh ofer '
1 0 1 opern high lcw
1 0 0 high opén low
1 1 ) high low ofen
0 1 2 opéen low Lish
0 1 1 low opern kich ]
|
CLOCKWISE N
current, 1 1is the 1length of the conductor and 3 1is tthe
magnetic field) causes the current to bend arné electrons to -
pile up on cne side and positive charges, or holes, to 4c ) 1
the sarme on the other side. Thus a transverse Hall pcten- .
tial difference, Vh, develops across the corductor (se= ‘fﬁ
i 4.4) . i
Fijure 1.4) o

7 Figure 4.5 shows that i: the presence of a sinuscidal :
! pagnetic fiell produced by a rotating magnet, such as cne of
s the pole-pairs of a multiple-pole motor, the irnduced Hall
voltage takes cr an ideal square wave shape.

{0 The logic circuitry of the sensor is configured in such
E a way as to output a logic level ' for positive Hall volt- A
1 ages and a 0 for negative voltages. Briefly reviewing the {f‘
acticn of the motor: as the shaft turas, the rotor fposition S
g sensors send this information to the switching 1logic Lklock
which then decides wtich phases are to be made high, 1lcw or
open in accordance with Table II. Equivalently, the
voltage, En, is then applied to the two appropriate windirngs
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2 and zero voltage is applied to the third winding in agree- e
- - . . . ,“
- ment with the assumption that current is steady in one leg RS
.-A . - k] 4 2 ’ -1
‘. vhile the commutation in the other two legs is egjuivalent to |
’ -
- a continuous current in n~ne leg. As before, each voltage C ]
. then produces a current. Because this is assumed to be a R
s
-4
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Figure 4.5 Sensor lLogic Based on a Hall Effect Senscr

linear system, the rrinciple of superposition is aprplicatle
and, thus, the torques developed by current flow through
separate windings car be considered independently and then
summed to give a total motor torque. Beyond this pcint, the
trushless motor compcnents are ilentical to its krush-tyre
counterpart and behkave similarly.
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C. MCDELl REVISION

CSUF modeling of this version of the brusialess dc wotor
called for two modifications to the brush-type 1odel.
Essentially, a CSME procedure function was constructed to
act as a sukroutine that embodies the logic of the switching
action. The logic recognizes that if the motar shaft is
within scme degree rarge, for example 30 to 60 degrees, then
it sets the appropriate rotor positiorn sensors arnd erergizes
the switches for the appropriate two windings and deener-
gizes the switch for the third. 1In effect, only the forcing
voltages are passed to the main program, whereas switch arnd
sensor pcsitions are available for output (see Aprendix A).
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A. AIR GAP FLUX

The steady state behavior of both a brush-type and 2
Erushless dc motor has been studied under the furndamental
assumpticn that the rack emf generated is a product of tae
shaft velocity times a constant, Kb (see Eguatiosr Z2.2).
likewise, the motor torgue is eguated to the product of the
current times a constant, Kt (sSee Eguation 2.12). But as
Eguation 2.11 reveals in the case of the torgue constant,
Kt, the torgue is in fact the product of some other constant
¢f properticnality, Kt1, times the air gap flux, ¢. Tae
same is true for the tack emf constant, Kb; that is, Kb is
the rroduct of some proportionality constant, Xb1, tires the
air gap flux, ¢. Ir both cases, the flux, ¢, has beer
assuned tc be constant which 1is in agreement with the
general practice when modeling permanant magnet dc¢ motors.
In point of fact, the flux is not constant but rather is
distributed sinusoidally, generally being the sum of a siru-
soid and one or more of its harmonics. How the @motor is
physically constructed determines this Zlux distriruticn.
Two of the chief factors are the structure of the magnetic
role faces and, most importantly, how the windings are
distributed in the armature. The latter includes such
factors as the number of slots, the number of coils fper slot
and the spacing of the slots [Ref. 5]. The careiul desijner
distrifutes the windings so as to minimize the effects of
harmonics. Regardless of their constituecnts, these
composite sinusoids have an average value, of course, arnil so
in practice it is this average value that leccres tzae
constant flux term, ¢.
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B. FLUX AS AN AVERAGE VALDE

A logical next step in the desijn of a aore realistic
mcdel was the determination of an average value fzr the
varikle flux, ¢avg, and the corresponding procrortionality
constant, KK1 such ttat the ratio of davg and K%1 ejuals cae
and the relaticnshiis of eguations 2.2 anil 2.5 are
preserved. The eguations for back emf, eb(t), and develozel
torque, ta({t), now beconme

eb(t)

Ktp * wm(t) (ejn 5.1)

tn (t) = Ktp * i(t) {egn 5.2)

where the back enf ccnstant, Kb, and the torjue coastant,

Ktp, are now exrressed as

Rbp

Kb * (davg/RK1) (egn 5.3)

Rtp

Kt * {(davg/KK1) (egn 5.4)

Assuming as a first approximation that the air gap flux
varies as a simple sinusoid of unit aagnitude, the first
step toward finding the total system flux, davg, was to
determine the relaticnship of the individual flux patterns
in each of the three phase windings. Analysis of a four-
Fole magnet rotating under three windings separated by 129
degrees (electrical) revealed the following relaticnshirs

da = sin(28 + w/6) (eqn 5.5)
db = sin(20 + 91Y6) (egn 5.9)
dc = sin (28 + S5TY6) {(eqn 5.7)
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where ¢a, ¢o and ¢c are the flux coatritutions of th=z

respective clases. Feturninj to an earl
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the circuit can be agproximated as two windirjys i- series,
ignoring the third, then the average flix <cart alsc De
approximated froa the sum of tae flux dev:lop2i 1ir
irgs at a tire. This approximation is Zurtaer suaz;
the fact thkat the flux in the decay lej iaas, in
average value of =zero during every coauutatiorn 1
Ffrom the switching sequence of Tigure 4.1, th
conducting legs were identified for eaca int=rval and, <:Iroa
Zquations 5.5 through 5.7, their vrespective flux values
calculated and sunmed. For every interval, the resulting
Zlux waveshape was identical and had arn averaje value of
¢avy = 1.631 (see Figure 5.1).

Since KK1 merely normalizes ¢avg, its value was easily
determined to be KRK1 = 0.613. The appropriate substitutiors
were then made in the CSMP model (sce Appendi 4 *for
Revision Two). Since this amounted to nothinj more tian a
rearranjemernt of corstants, the molel's output behavior
remained unchanged. At this stage, the nodel simulates tae
tehavior of a brushless dc motor being electronically ccazu-
tated and exhibiting constant, steady state developed tcrasue

and motor speed due to a fixed, average value air jap Zlux.

C. SINUSOIDAL FLUX

The final stage of this thesis was to exanine the
steady state behavior of the tftrushless lc motor under vari-
akle air gap flux conditions. As a first approximdticn, tae
flux was modeled as a sinmpie sinusoid an? the flux relaticn-
skips are those given 1in eguatiouns 5.5 tarough S.7 As
btefore, only the flux relatipj to tne two conlucting legs
was considered. This composite variable Z1lux, $vi, is shcwn
in Figure 5.1 Equations 5.3 and 5.4 had to Lte medified to

account for the different value of flux.
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FLUX VARIATION
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ANGULAR ROTATION (DEGREES)
Figure 5.1 Composite Plux Variation for Two Windings
Kbpp = Kb * (Pv1/KK2) (egn 5.3)
Ktrp = Kt * (dv1/KK2) (egn 5.9)

Recall tlkat the objective was to keep the values of Ktpr and
Ktpp as near as possible to those of Kb and Kt, respec-
tively. Ir order to roughly nornalize ¢v1, the constant
value was determined as KK2 = 1.655. Since ¢v1 was now a
variatle quantity, it should be recognized that KLbpp and
Ktpp were no longer strictly constants and were better

expressed as the follcwing functions.

Kbpp = Kb (pv 1) (egqn 5. 10)
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Ktpp = Kt (0v1) (egqn 5.11)

The equaticns for back emf, eb(t), and developed tcrgue,

tm(t) , now recame

e s s
dndadnc? ad i

eb (t, dv1)

Kbpp * wm(t) (egn 5.12)

tm(t,dv1) Ktpp * i(t) (egqn 5. 13)
Pecause the total £flux was no longer a constant,
average value, it was expected that variation in developed 1
torgue ({and, consegquently, in motor speed) would result.
Furthermcre, as the system blecck diagram of Figure 2.1 indi-
cates, torgue is <ccnverted by the motor transfer function
into a rctational speed. This is a process that is eguiva-
lent to inertia filtering of the toryue ripple that resuits
from variable flux. For the purposes of this thesis, riprle
is defined as the ratio of the amount of variation frorm the
maximum to the maximuam itself. Having made the approgriate M
sabstitutions in the model (see Appendix A for Revision
Three), the program was run under no-load ceonditiocrs. It T
was ckserved that ttere was, in fact, ripple in Lkoth the -
develcped torque and motor speed and that some inertia
filtering did occur. The next logical step was to 1lcacd the o
motor and study the effect on torgue and speed rifpple.
Table TIII indicates +that under no-load conditicrs where
speed was highest, the percentage of ripple in the output
speed was at a minimum but that torjue ripple was at a

maximum.

It can be seen that as the load increased the amcunt of

e
e

ripple in the develored torgue decreased from akbout B8UT to :‘1

1
8%. A closer examination of the torgjue behavior under
varying loads revealed that, even as the aotor torgue neces- f?r

sarily grew with increasing loads, in every case there was

uo
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TABLE III
Torgue and Speed Ripple Due to Sinusoidal Flux .

T T T
-

: MOTCEK MOTIOR % RIPPLE
. . I0AD (oz-in) SPZED (EEFY) TORQUE SPEED
- 0.0 2557 33.9 1.1
. 32.0 2087 21.1 1.6
R £ds 0 1617 1252 216
96.0 1147 7.8 4.6
approximately a constant 8-9 oz-in variation. Thisg varilia-

tion can be attributed primarily to the flux variaticn irn
Rtpp and to a lesser degree to the variation in i(t) caused
ty the variation in rack enmf. Thus tne magnitude of torjue
variation remained atcut the same for all 1loads thougn the
percentage ripple arpears to indicate otherwise. In the -

case c¢f motor speed, the amount of ripple appeared to

— rﬁ-'-Tw-wﬁy--v-‘.i
o [

increase slightly with increasing load and thus decreasing
speed. In this instance, the @magnitude of wvariation did

increase a small amount with decreasiny speed - from 2° rpn -
at no-load to 52 rpm at 96 oz-ins - and suggests that speed
ripple, at least, 1s somewhat depenldent on load. This

s
u

due in rart to the fact that as the motor siows, there

w

i
less rotor nmomentum and thus less inertia filtering. T

=]

addition, at slower sreeds there are less frictional effects
whick at higher speeds also tend to filter out rigple. irn
general, it makes intuitive sense that at higher srteeds
frejuency variations are harder to Jdiscern than at slower
speeds.

D. HARMCRIC FLUX

Having observed the effects of simple sinusoidal flux
variation, the next step was to replace the single sinusoid
with a flux composed of the sum of a sinusoid and its

harmonics which is @wmcre representative of the air gap flux
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patterns in an actual motor. The back emZ of a tygpical

Figure 5.2 wherce
the voltage between two terminals was measured with the
motor rotating at 1200 rpm.

conmercial btrushless dc motor is jiven in

A harmonics analysis of this waveshape shows that the
principle harmonic was the fifth and that the waveshape was
closely descrited by the expression

3.0 sin(8) + 0.59 sin(59) {egn 5.14)
When subtstituted into eguations 5.5 thru 5.7, and the

different angular speed taken into account, the fcllewirng
relationships for flux result

ba = 3.0%sin (26+076) + 0.59%sin (106+51/6) (egn 5. 15)
¢b = 3.0%sin (26+9m/6) + 0.59*%sin (108+9 M6) (egn 5. 16)
Pc = 3.0*%sin [28+5M/€) + 0.59%sin (100+ W/6) (egn 5.17)

The same procedtres used in the simple sinusoid model
were then applied to the harmonics case where the compcsite
flux changes to ¢v2, a flux factor that varied to a slightly

greater Jdegree than did ¢vi. Eguations 5.8 and 5.9 hai to
te mcdified as follows

Kbpgp Kb * (Pv2/KEK3)

{eqn 5.13)

Ktppp = Kt * (QV2/KK3)

{egqn 5. 19)

where KK3 approximately normalizes the flux and had
value KK3 = 5,38. As before,

the

Kbppp arnd Ktppp varied with
the flux and so the new eguations for back emf and develored
torque becane
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Figure 5.2 Back EMF Waveform Due to Harmonic Flux

eb (t,dv2)

eb(t,¢dv2)

................

Kb ($v2) * wm(t) (egn 5. 20)

Ebppp * wm(t) (egn 5.21)
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Kt (dv2) * i(t) {egn 5. 22)

to(t,fv2)

tn(t,v2)

Ktppp * i(t) {egn S.23)

The afrrpropriate substitutions were once more pade in tae
model (see Appendix A for Revision Four) and the model was
run under various loads. As anticipated, the variable £flux,
¢v2, produced ripple in the developed torgue and rmotor
speed. Table IV shcws the resultant values for various
loads.

TABLE IV
Torgque and Speed Ripple Due to Harmonic Flux

MOTCR ] MOTOR % RIPPLE
10AT (oz=-in) SPEED (rpm) TORQUE SPEED
0.0 2557 94.6 4
32.0 2087 38.5 313
64.0 1617 22.5 EL6
96 .0 1147 14.7 5.8

Comparing Tables III and IV, it can be seen that the values
for torgue and speed ripple are of similar magnitudes. The
somewhat higher values for torque are due to the fact that
in the ¢v2 case there was a 16-21 0z-in variation as ofposed
to an average 8-9 c¢z-in variation in the ¢v1 case. The
speed ripple behavior was much like the ¢v1 <case with
proportionate increases resulting from the increased torgue
ripple. Thus, for Loth torque and speed ripple due to $v2,
the model performed as expected; that is, slightly highler
values of ripple occurred which were clearly attrikutable to
the increased variability of the flux pattern of ccompcsite
sinusoidal harmonics.

An important observation made during runs of the ¢v1
model care as a consequence of the motor speed variability,

4y
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particularly when tle motor was unloaied. Since no-loaid
*‘ speed was a function of Kb as given in eguation 3.4, the .4
4 ' variatle Ktpp had the effect of increasing the  upper-ernd

speed beyond the 2557 rpm baseline given in Figure 3.1 TLis ‘zjj
increased magnitude ccupled with the swing of speed values :

- created an undesirable effect in the unlcaded conditior. 1In Q“?]
!I effect, at certain points in time the additional =spee?d 1

rroduced btack enf values that exceeded the irnput voltage
which in turn resulted in negative current and Jeveloped 5

b
%~ torque values, Though these were transient negative values ]
of and had small effect on the steady state operation of the
motor, still their presence was obviously unrealistic. The

soluticn to returning the motor to all positive values cf

current and torque was to increase the fricticn filtering

effect bty adjustment of the viscous friction coefficiert,
Bm. It will be recalled from Chapter Three that a value fcr
the Bm of the commercial motor beinyg modelled was not avail- RS
able and that for the basic model a value for Bm was derived R

from the curve fitting process. Thus, it secexed reasgnatle ;
and permissable to repeat the procedure here. .
Since it makes sense that increasinj the friction wittkin ":E

a system will slcw the system Jown, in this case increasing fk
e anf

the value of Bm did just that. By increasing Bm frcn
0.00015 to 0.045 oz-in/rad/s, the upper-end of the motor
speed was reduced to a value that eliminrated the undesirakble
negative values. This caused the no-load speed ¢tc tLe
lowered slightly belcw the desired value of 2557 rprs.

Recalling that no-lcad speed is fixed by the back enf
constarnt, Kb, this parameter was adjusted from 0.1120 to ‘f-
0.1089 vclt/rad/s to tring the back up to speed. Since this -
adjustment vas less than 3% and the manufacturer specifica-
tions allowed a 10% +/- measurement error margin, this
adjustmenrt to Kb was permissable. Jf course, a propor-
tionate adjustment to the torgue constant, Kt, was also made

’ o e L
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since Kt ard Kb must maintain a constart relatiornship as
explained in Chapter Three. The weffect o¢n motor speed
ripple was reglible. Reviewing the ¢v2 model at thris roirnt
revealed that similar behavior in the no-load state occurred
but on a larger scale due to the greater variability of $v2.
A similar set of adjustments was necessary to elicinate the
negative current and torque values 1in the unloaded ccrdi-
tion. It required an adjustment of Bm from 0.00015 to 0.04%
oz-insrad/s in order to ensure that all values were posi-
tive. In addition, the back exf constant, Kb, was ajjusted
to 0.1192 volt/rad/s and a p[proportionate acdjustment to Xt
was made. Again, all adjustments were within tolerances.

O0f course, it was earlier established in Egquation 3.7
that changes to Kb and Rt would change the slope of the
speed-torgue curve. Thus, in both cases the slope was
returned to its original value by adjusting the motor resis-
tance, R. In the case of sinusoidal variable flux, ©F§ was
reduced from 2.74 to Zz.70 ohms. For harmoric variatle f£lux,
R was increased from 2.74% to 3.0 ohnms. Again, Loth adjust-
ments were within the 10% +/- allowable devidtion, It was
alsc cbserved that since both Kb and Kt no longer remairned
constant but rather varied within small ranges, the slope
was not constant and varied accordingly in both the ¢$v1 and
¢v2 models with the greatest change occurring wher Kt ané Xt
simultaneously reached the minimum values of their respec-
tive ranges. Bearing in mind that these deviations in slope
are fairly transient, their average values are most impcr-
tant and are the arproximate values from which the firnal

adjustments to R were based.
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A. REMARKS AND CONCIUSIONS

CSMP language is a convenient tool for modeling a -
trushless DC mQtor. Positional seasor feedback and

switching logic being functions of time, the action cf elec-

PURrI)

tronic commutation <can be nicely simulated in CS¥r. The

model can be fairly easily modified in order to study ctker !

£

motor configurations. For example, the three-ghase star
confiqguration used ip this thesis could easily te changed to
a grounded neutral, point D in figure 4.1, and the sane
types of analysis performed. In future studies where the 3
complexity of the mcdel 1is increased in orier to include
more design detail, the advantage of CS#P will beccue even o
more arpparent. ]
In the course of simulating the effects of differernt o]
air gap flux variaticrs, it appeared necessary to make zinor
rarameter adjustments in order to ofiset the faedpac« fg;
effects c¢f torque and speed ripple. Within the scorpe oé iﬁf
this thesis, adjustiny the steady state perforzarnce was ft’
reasonable and justifiable. In a larger context, however, 1
various control systems, particularly toryue Jereration :
contrcllers, are specifically desiyned to reduce tcrjue :'3
ripple and its effects. So, 1in at least one sense, thesa '
adjustments were somewhat artificial. To the extent tiat
parameter adjustment is necessary and desirable, it must te ;:<
understood that this is not a simple procedure since adjust-
ment of one parameter almost always requires aljustaent of
one cr more others. These adjustments in turn necessitate 1

read justzent of the criginal parameter. The process is thus

an iterative one. This model permits this kind cf parareter
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adjustment, but it is a long and tedious process tnat woull

te tetter performed Ly some scrt of optimizatiorn algoritau.

E. RECCMMENDATIONS FCR FOTURE STUDY

The simalation c¢f ripple effects is particulary rele-
vant to the control engineer who must 3esign the corntrol
circuitry and power ccnditioner to meet specific performance
requirements. This points to several areas for £futura
study. Cne area is the contrcl of torque jeneration and the
several principle configurations used in bPtrushless DOC
motors. 1Two commonly used methods are the sinusoidal torgue
generatior principle and the trapezoidal torgque schere.
[Ref. 5]. In addition to torque Jeneration coatrol, a
second area for investigation is power control of brushles

n

[

PC motors. In this thesis, output power was unregulated az
was studied simply as a function of a constant irnjput

ani
controlled by varying the supply voltage. 7arious schenes

voltage. In practice, however, power 1is produced

€xist fer power contrcl; amoung these are linear tramsistor
contrcl and pulse-width or pulse-freguency contrcl.
[Ref. S]. '

A very important area that this thesis did not address
was that of the switching transients that occur as a coanse-
quence of commutation. During each switching interval, each
winding is an inductcr that stores energy which <c3auses a
significant amount of current to £low at the instant o=
switching. This can have serious effects, esrecially if
breakdown conditions exist amounyg the commutation transis-
tors and other contrcl circuit elements. In this same area,
switching transients also occur within the control circuitry
itself. Thus, a thorcugh investigation and understanding of
the behavior of pover transistors, diodes and other corntrol
elements used with electronic commutation needs to be dcne.
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LISTING OF MODEL PROGRAMS

A. BASIC PROTOTYPE MODEL

The ¢rrogram in this section 1is a basic program that 2

t

simulates the action c¢f a standard brush-type DC motcr. z
is the prototype from which the brushless DC zoter model an! )

its several revisions are derived.
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B. REVISION ONE

This is the first revision of the basic prototype. Thiis
o

rodel sirulates the switching logic of a trushles

h 0

wnhich is Dbased on feedback from Hall effect sen
addition, the windings are treated independently a
contributions to developed torque are superposeé. Since the
superrcsition results in twice as much «currert flcw as a
single lumped coil, the total current is halved to retair

the same overall motcr behavior as in the prototype.
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C. REVISION TWO

k. In the followiny program, the motor's air gap flux is --
treated as the average value of the sum of the £lux acting

u
o in two windings as explained in Chapter Five. For ccrven-

. ience of study, both windings are again lumped into a siLgjle
winding as in the [prototype. This facilitates a closer -
focussing on the effects of variable flux on motcr Lehkavicr.
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SIMPLE MECHANISM FOR REVERSING THE MUTUR®S
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D. REVISION THREE

] ] The purpose of this version of the prograa is treat tae - -4
air car flux as varying in simple sinusoidal fashior. The
total system flux is treated as the algekraic sur of the ]
flux developed in the two active windings. :
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E. REVISICE FOUR

ii This version of the model treats tae flux as varying -
according to the sum c¢f a sinusoid of fundamental freguerncy

and its fifth harmonic as explained in Chapter Five. The

]

9
total flux is again approximated as the algebraic sur cf the i
flux developed in twec windings at a time. .
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APPENDIX B
SANMPLE OQOUTPOT x
The following 1is a sample of the type of irformation {&
the mcdel can provide. In this particular case, the fourth
revision of the basic prototype, the harmonic flux case, was
used. For completeness, the motor was run at loads froz 0.0 ]
up through 96.0 oz-in, which was the range of 1lcads with }
which all analysis was performed. In addition to such motor
varialtles as speed, current and power, a sanmpling of the
feedback from Hall effect sersors as well as the switching i
action of the power transistors is included.
9
—
:
-
L ;:;
-
]
N
~"|
-
.
75
e S e T e e e L e i e i




a
.4

(o

~ PP PP OP PN P L O T M PN P FONNNO QP RO QN =4O P etk NNV =t MO el

VORI O~V O Nl MO O VWY P Y O Q VU F O NN e NP WD NN

QWO ¢ QW MINTFUYWAD T UG WU WM G TN O UYWYYY W0 DU (NI N M e W QW NP e Y

e OONT) 8 0 9 0 0 0 0 oD o ¢ WNJID ¢ ® VO 00 TIM e o] 08 o0 900 e o0
XONPTNOOON FONO—N ¢ ¢ DO o ¢ DO @ WO ¢ ¢ QNN OO +miOPDN o
£ 00 U e = UY U GONE ONTY PP CF) N7 ONON) OO 2 ONTY T GO O OO NI N O OO N e OV CO OV UV e N O Y el
Q.

P VU QI 00 ()t Ot LY U0 ONLOY e 0N NN O QNN NV O O N et N O M et ) ONNT YO QNN

QUY 0 0 6 0 0 ¢ 0 00 0 0 0 ¢ 0 9 906 ¢ ¢ % 0 0 9 00 00 900 00 0 9 ¢ ¢ 0 0 000 9 00
x o oY JMPF AP MNMNNRQMNNG QMNP DN ONNUNUNE =N O YN O O =D N M
A, P D OM et PP Qemd P Mo (Y AN DN HO NI F 1 QNN ~C NN T OO MW F OO MUV MC
EOMOQ MO NN IO LD L O OO O O DD DD AW OO DO O OO DLAnIInI DG
L 0O ==t NN OO ONNON ONTON O ONF OOV ONIOY SISO NN NN N OV N IO NN ENFONION NN NN NI N N
=

A F P OUNT PPN =N Y D O N IV O = D QNP MO QOO M= N DO M =t (e
LRONYOFMANNPMND MR DO e P D QNOVQPMN NP DO D FRPTONNOOTPWN

0N oo NN QDPTONHNN DML N VD AFNMONNOD NN PFNN R FDOOMMNDVO QM3
NG @ 0 0 0.8 0 0 0 SLUUY 0 0 SN ¢ 0 SCIUY @ 0 O ¢ ¢ OTTIT ©® ¢ sOU" & @ oi~T

OWINNO@RDTEOMNWINIIINGD o 0riNY ¢ oMW ¢ o TOUY 0 6 FTOUY ® sl VT o oU\i(™) o o
E S0 =t =t =P QLOV P O\ el O\ o 37 O\ e 1) Ve NI 3 3 e O =) LVt O = OO U ed Ot YL = Ot OO

VNNVOP ONON—OOMOE QN OOVODV~D Q ORVF FMANMQP= DM PN~ M=Vt

OV FNOD MNDO PV MM QU FF M NN P TP D QO NN P PO OF= PN O N

NONQ O (D) il PN =t Q D P NO Ord =IO QO NN P Pu () et e O PN Qi N DN O

INAENQ VNN O =N W e W T OMUNO T O O T WA N TN O W et P W= O O
A ¢ ¢ 0 000 0 e e o oD o sONNN ¢ 0 SN ¢ sMNIM ¢ ¢PANIM ¢ ¢l ¢ ¢ DS
T MNP OUNP PNt Spmdriet ¢ ¢ ot ¢ Sfyridrd ¢ 0rdemd 0 ¢ Srdrmi ¢ & Greief ¢ ® Qreded ¢ ¢ &
—

o3 O ONNE ) O NGO =LV N () OV O N Wit =~ UV N NP UYCNONE NN PN P el QD Y Y VO F =D D

T RO DAY NNNO PP e (NP et P Mt = F O =NV MNP P P Ot OMNT MO PN P MO0

WDPP VNI QPN OMORD TP INE NN~ QNP M DO Ot NNO QP Qe Q4 O N N

Us Q.l'...'.’..l....'.000.0..'....QOQ.O'OO!OQ.O

OFO o s« AN QOUPNMNOMINO~ S FNO~MNTIO~NITOC~NIFO~ODPLO~NC AT ON

w 'N"—"—‘—'—lwNNNNN"M‘!NNNmﬂoNNN"bNNNNﬂNHNNN(‘\NNNNMmwwwmmw
>

A A AL AR IR TN SRR TR IR RN RA IR SRR IARAA D AR RAL RRRANTSRTARIARARY AR AR 18 AR IR VIR VIR VER TR IR VIR VIR VIR VIR PR VIR TR F IR ' IR VTR VIR V]
WOUWLVOLWWVLOOLOLOVOUOWLVOLWOWOLUOVUWVULLOWOWWUWLOLOLUOLOW
[ N I N e e |
[alajalala/sla]a/ale/alslalalelals]anfalalslalalalalalsla]alalelelele]lalale]elolslole]ale)

" Slriolelelslolanlelsleldlslols ol aldlaldals aealolelolaldsleolaslola]ASlelelalble [F
O0UOVLOWUOLOUOWOOVUO OO OOWOLUOWVOOLOOULOVOULOULUOUVOOUUL
[elelelololalelololololqglelololelole afe/elalolololelgloladulelgole/olgqlolololololalelals)

W Q00000 QOO000O0VO0O0TVOO0OOOCOOTINYOT VN YOT DN QOTVNQO
E OONQQOTONYOLVUNQYOTINODOLONYWOOQO e NANNT M F TN VOO0
e TR A B A I B AR I B A A IR IR I B A RO R B B Y IE BN B RN BN I B R R Y S R I Y

Pl o PO (NN MM F SOV O QO e T OO U UN sad ot ot ol e gmnf g ol el gl gl o= gt 04 g 7=l gt gef e} pnd 0ol

oo

76




(LAt e B R S e S

[v

Q0 Q QRSP =
N Q0 WM (Nt =t
W NP QIS W
® 0 e o * o 2N
PR P «NOPN o
NP = VTN T

MO NN= MM N
0 00 9 ¢ 00

R dadlnd S Ualpdis)

ANONONONNNOINN

WAN VNN OONDF M-

T OJUVNE I (WO M 0 MM MO U NI

WO T N T WU WM U e

0 ¢ 0P o s P AN s 0 T o
LOAAPet e FNOP® ¢ NNV D ¢ O
E eI N R e T Tu T B L I Taa B B e |
Q.

N

o

NN WEINMINTONYDQ U= |
€9 00 00 0 et e ey
TSP VS DR Pt VPt QO
Q.00 MNMOOOMNMOOFNNOO
22 NN A N D NN DO INVNO
AN NN NN NN NN NN D

Mt AP QNP PR O N MNP
NV QU Mo e e NN QN T )
OGO & S0yM (TN It T
O 9 9T o ¢ % 00 s 0 0 g0
O IDOODVF M ANNOCHN
CUNMIP it NN PV DU D M

Q.

NOM=~ T OO Pt QU NN
FRe(T) ¢ 0 6 ¢ 0606 008 6 0 ¢ 0
Qv o NP D DN QP "NPrw
P F N OV QMNP QP NP
OMOMT Y VDN OOCO0CO0O0
© N () P e 1d et et o = NN YOI Y NN

' PQNNNT VOO
o QT OMMPDP—M
. OO DDVDNNP i T
o 0 FUNYY ¢ ¢ oy
NN 0 o IO o
O OO O O

)

DVDNNONNNDO
- YN N Q ML
MF OO 0NN
NTF = 0ONT NN
o Pl ¢ oPw—
et ¢ 0 Se=tri ¢ o

. DD ==t F NV~ Q2R

=

=
P

.
~N

VNN DQ O NP Q= F O N
NV O P~ CHOVONFOM—NT
NOQMQOMOU\MU\O‘#’O\OOH
¢ O NS S e SNUY 9 SR
INQM o MO ¢ M= o g o
Pt N N R e (=i O\ D =N VN OY

NCITICN

et NOWINYRP IR NONT~OD
OPMNNOPR OO PTMODDJI
NOOMN D ANMNPDDNNNOM
FNT =T REOM YT NI RN,

QAN ® e QU » ¢ Q0D o o NQV)
Z evdrd 9 0 il 0 O ot ¢ 9 O™
~— <
—y
V5
- 4
(% ]
U

W MRPM

DR T NN O F NN O
LDv= (HDO NP O OMILN YD N

O ¢ 9 0 NAHITODO~NNRPNM
SeNSr ) & ¢ 8 ¢ & 0 9 ¢ & o
ONFIMINGOG NN O WD =W W
E s rdrdrdrd WP P OINF NN P

FONPOTO~NDONRP LN N

~NAMND OO ON TN D F

PORPMANNMO MNP T M

RN O =N O N
A ¢ o060 0 0 ¢ 085 08 00 ¢ ¢
T DO O QUNNF NN NN
—t

DD PPLOO—m X ANNNIMPE T IFNNOVYMPCOUI— . OONVOEDINQOTTN OO

R W= NO VO YDV DVNAIFIO X WPEINEOUVND O WONONM= @ M=~ M
- OV QTN O it =t Ll YOIV NN QOM PO W QO NPT NNP NP —~F
- NV LN QONO =~ Ualaal-oRel Jas Rl Lol dPa T ITa Rt o o 1o To JVE] o) ONMFTUNINTR NN FRPDUNS
. 0 00 0% 9o ) L S 00 00 s e et et e e IO CNOUY © ¢ ¢ ¢ ¢ 06 ¢ ¢ ¢ ¢ 0

Pl PP A O ETNS N AP N FOA PN PO AR F Y OT O ¢ :MNYODNNF~TOM
‘. ENIN VIO O EONEY ) (1)) u.lvat\uwN(\nyAvﬂM\a\v\v\\u‘uvwﬂv}ol.; 0 T UM ittt = OO N et (N O
> L *
2 9 QN
W E AW
(R TRV IR VIR VIR TR VIRVIR VIR VT o CNON VOV NS NN NN OOV NS VU STENCAUVV MY PO RV CURS PO ROV OV WY )
" WOWLWWUOWWY VLWL IO O I LWL OWOVLLVLVOOLOWOL
I 1t = (L L L L O L I B - N
' QQO0Q0ONAQ [alelalalalalalalalalelals]alalal: 4 [asjlalnlslalslelelela]als]alals)
3 QOOO00CLCOO0OVII QUOOUOOCOLOWUCULUQOOLOIUIN COOQUOCLOOOOVLLCO
. QOVOOVOLOOLW WOOLVOLWLOOLOLOLOLOOLOLOIW QLVOOQOLVUOULVOOLLLOL
y QODCOOOCOO [elololalelqlelelolgliolelelolole ) 3 QOO0 OOCOOCO0
t. NONIDOTONYY WOTONYOITONQGOTONVO=~W W O0000C0CO0000O00OCO

® 9 0 0 90 0O VI 9 0 P 0P OO PPN YV)UTIC) TSN OO e e

~OQO

—‘Hﬂ—*NNNNN;F!—NNNNNNNNNNNNNNNN%;!—P PVt N NN MO P TN N0
-

L)
~—CO

R

PP

A 8 a

e na sa hes

! PURPORY

P A eaita e




I P = FANMDOOMMNN QN Q=M QN0 9 OVOT VDM~ DMWY
VIO T WP R M NI O G N UG T Ot QO =0 O TN O AP I N OO L O O
(N WY U P U VOV O 10 O NN ) (F )t At O T W ) 1 T et W) P S O D P NV T
® 0 6 ¢ 0 0 0 S 9 % B NP S QOS99 e RO e YOGS
P QPR PP =D QOO I NAP 4 D QNN D AN TR P F Pt
MUV O™ QUL VN QM GO D I M s O LY M e AV NN I RSV N QD P s D 8

WAV = P RIM QU VNO ~ M TNNOMUWE QT Nt DN NP OV GV D
© 0 8 0 90 0 0% 0P TS OO L 0T TP PO OO PN S EEE SE SO S
MNP NN NIND F NP ONP DO F I OO T =D ON—H—~NO
QD DUNN N DN F NN P P OIN F Pe Poth NN PP DN NN P RO MNP D O
[olelelslelolelelololalolela]lelelolelelelelolvlolaldblelolololelelolololeololols)
NN N N OO O NN IO OO NN OO NN NN NI NN NN NN NN NN NN

QAP L O NONNNOP NP NP N P P OO NO FINO NO O O if= MO
NQOMref~ QNN QLTONPN=TMANDOM MO P QNN =N OO NP
m~r~rmr~cncov~cnmm-.o~~or~o~o~o~m~o¢Nco~f—4~ocnmmoo~~omcow~omh
® 0 % 8 9 0 000 00 00 99 0T OSSO CO TP T OSSO OO DRSS o

m~rm&mnu~quunmmomvmt‘wowth«mnwmvmwwmmowwwmm
OO PE SOMNLDLSOOOFNFAONAOE S OMOFE OO S FFe

Mt P Pt PNV D OO et e = D WV N D OO D NP N0 DD QD Pt PreN DN
P ONNNA TP DANPDTON OO O MNP NN FO TN ONON
Pt NOP DD vt rt N D = D DV RNV TP PN A P DA M=t Y QOO PP LN PP
V= (NN TN Q=00 UM N N 0O NI NN P (1) P O NN (V) P N e DN O M e
® 6 0 0 00 09 0 90 00T P OO 00O T g 0N VOO e OO 0 e
NN NN OO AN N AN NN O N NN N NN NN NN O NN

NTNOOM~OO MMM MMOROF MNOM QMM ON=~M I PFWVOT 2
UV =N OO NO N = F = D QNN NN NPT OO NO - Nl DN U = O D ML
PORPP>NO Qe P O DN M F DM O O QO NG MOV MDD Q OO =
® 0 0 0 % 0 g 0 0 O 0 90 N QO 0L s 9O OO Qs O 9 e e g8 NN *e e oo 0

NOMQINY

QTN

U= VN

e 0 o 9 0 0
XM NN~
Byy Yr=re 900
Q.

WOUENVT V) emd O
0 00 00

ZNN DM

T ONNNNNN
=

N Qoo o
D= NN
DA =GN
o e 0 0 90
IOV O M
Em¢¢¢¢m

MM F NN

QO O\t et LY

~MNOVONQ

NOONT O —
Q. o0 0 0 o ¢
ZANOMANN
—

Nelo J3iTaa]® i)
ONFO N
DN P

PO

PO T

VI =P O N PN NN PNNINORNNINMO R SN MO =T INMO O T OR—$ 1AM

NN AN OO = O OO OO O TN OV DN OG0 OO O O OO SN O O O OO QU O O OB
>

ﬁ

QN
(WY o
LA IA T IAR AT TN TARTAT IR TN R VIR IR IR VAR VIR TRFIRVIR TAVIR VIR TR VIS IR VTR VIR "IN IR IR AR I IR VIR VI TRV IR v IR TRV IR T ) INUNL YLV : V_ -
(SIS IEIS SRS STEINTSIRI SIS INTSIE SN TSI TR TSI ST I NI ST S TR SIS S U ST STWIw) VOWVOU -
L L L I T I T L 1 1 T T M O I N B [ L | s,
QQO0AQON0OQOADAONNAOO0ADAQAADOAOANDODODNONNAN aQQoao

COO0VOO000000O0CO00000COQOVWUOO000CLO0000OVOOCVWI QUOOCLO R
VOO0OVOUOLOOLULOVOUULLVOUVOOULOOUOULOVOUVOOLLY QQUOVOLU o
oooooocoooooooooooooaocoonoooooooooo cO COOQCCO
000V QOCQOOTUNYOTOUNYOT ONQYO TWNYOTONOVOTONYY WOTDNQO
T ONYWOF ONYOOQU~~NNNMMT T FOUND OO ODRVNOOQ mirmdre T ANNNUINOT
[ 20 B N B B A A I O D B B B B BN BN B N B IBK JNY BN BNE BNE IR DN IER DN TN BN NN TR NN DR N 1V PSST RN RN SN I K BN )

O Q=™ 00 GO QO G U 4 grnf 1ot ) el gl vt o e g =] 5t gl ponf g aed =4 grd ot el gd ed el vt 7o O] NV O O T = e TN NI NJ OO
@

—~OoC

78

e e
e

~ -
L SN ST PR A.fu Atalate i ntalal

-




Nt FR-TNPF TN
DO~ W D VU
(A T Db T IAVIF TP TVITS |
® & ¢ ¢ ¢ 0 ¢ ¢ 0

NP OO OYMNME O RMUNS DN Qrd D~ NIDVM=0O
MOOMOTVIT INQUVOQOMN PNDFOT NW ~NPQP N MD
NP U E N UM (D N = NN DOV (VY LN I QDm0 1T U OV e S I D
O o o ¢ 9 0 00 90 0 0 % 0 ¢ ° 9 ¢ 0 0 0 S ot 9 e 0

MANNN NN~ —Q O PP TRDOVNDVOND O TNNOOM=. N QNN PP N OO N
I QNN NN =l £ N DNV VR US NN N D M 1 ) QY UN N QD 1 (e e U9 DU N OY e M e )
a |
N
o
TP Y Vel QD | P NONMO O NCINNY TM N O QW N RN M= O N O =T =D O
0 0 8 0 0 0o 0 s oLl Moy C" ¢ ¢ ¢ ¢ 06 0. ¢ 0 0 ¢ 0 00 006 060 ¢ 90 959 09 09 9 000
FANNQM I™NNNO S N e e FNNTOANDE—O AT AT~V NEVORNEN 0P
MONMO D ONNMOOD A OMINONF~NOed DAY DONPT N DAt DO LFNLDSGADIF N
OO0V VOOOO LOMNHASNTL T N O Q VN ONTNN Q QI NN QO nnduy
ANONONAN NN NNNND b R e e e T L L B P E e e L e L e e T e L s L e L e e T L e T L T |
° K 4 ]
~N
QROLF VNQGPO QW E Pt GO~ NO PP M PO AP O N TNOD NWVINTOP
QIENEONODOLTE NAONMOO~DP MNP TOMNMPMSDO Q= DN MOMMP N
¢mmmomommm~ Q 0000 e QOMAENTNVOLTRONNTTNMARE QNP0
0 % 0 99 S oy OGN TNJI™ ¢ 0 ¢ ¢ ¢ ¢ ¢ 09 % 0 0 0 ¢ O O 9O PN T OO O
mﬁwmﬁqmonw O MUVT NN MEWN O T MU N QUNNT M YO QN PN N
m¢¢¢¢mm¢¢¢z E'OﬁﬁﬁdﬁomﬁwmwhOOONNNNOOOONNQNOOOON
9
—
b
—y
Q
<
(SO NP IEI™NOOQ =_O MM O ONNNONAN P NP FOFF DD 9 DIRINOEN
QI B~ INPTFIN—HO )0 DN~ O VDM O P DO =D NF OM NI NN =D IO DT NMNO
WDV ON=INON QO NP A QNDOMN PP~ —AQONPN M QMO NP PO QG Q=T NO—

O ONQ O UN et e O ONT WD) OO My MO BNV NN O 0N T QO NN N NG T

)

PP O T

’
PO U WP S S

S * e 00 00 g 0N QO ¢ ¢ 0000 0 ¢ 6006 00 ¢ 0 00 900090 S e PO S
I NV DM 00O T F F SO P DN N P I
—

N OF ~SONNNT Y X
NO VNN D =P ML)
WP P N OUN = W~

N W W@ T M P MUYV MUY U WHIN D SO N O M OO el
ND = QO M O O el (N} = Q) PN A0 Q0 I VO Nt N O\ DUNVOND R
N ONOMN T QN> M Qe PO F N Ot P PP GO N NN QO D ST

otooc.oo.o’—mom FridCMe 0.0 02 0 00 00 0 0 08 00 ¢ 00 ¢ 0 00 90 090902 .
O OTNT~NCM INOTON ¢ ¢ -Nmmm¢maoc~omomm DOOCRDO TN 0D TR N -
INF IO N AN ONIN S ONIN SLVIOUS 0 80N Y YY) et omd omd 054 g rod o A ] 08 gt sefyesst) oot ] poned gmed el o) ool o] 7t gt g md 7ot g = el

r *> |

@ 3

LUW 4
ANUNONS VAN OV WO N - AT NEAIEVIO RO POV POV RO POV O DT B ROV IS POV REY PR OV R R OV PON O N N UNON AN NN LT
Pttty t—E PP e v e vttt Rr e LIRS
00QQ0O000O0<T 000000 O0CANOADOOOOAQCAQOACOQAONAQOAON :

LOOLVOOOVOO IV W OOO00O0O000OQUOOCOCOLOO0O0QOCOO0OO0LOOOCUO
WVOOOUOVOOOO JJ VOOUOVLOLVOLWOOLOOOUVLVOCUCLWLLCUUOLOVV T
QOO0 COOOCOX 000QO0CNOVOOCCOOOROCOOCOCCORCCOCOD 1
FTONYOTUVNOYO—WD W 0000000000000 V00000OCO0OOTONVOTON
TN QU OO T OONVCO T ONVOE DN QO FONYOT DN DO O mirmd NININM p
99 9 0 0 0 ¢ 0 V0 VIdtIC) 8 T 0 QOO0 gt PO O POENT Qe e e

NNNNNNNNNNQ;!—D— 0 VA ONN NP TN -0 00 PP Q0 0 OO O et b et ot et et =4 =4
.2

PR

»
alalelel

79

- " R D) N -_._-.. . .
PO PG AP O R P O Y R A PR W AR WA A Sy




(RCERCIR 3 2R

g —p—

T s, r— T ——

=M QMO QOO TP NN O NN OGP Y~ P (N Y P PN O N Y — Y Tas)
VOWNSUY QUMMM N QU OM MO~ MDD VO~ PN QOO T NN oow
o T TV I JUSTRVIVE T P TART o ATRYVEITR XV, 1T o B 10 T o VIRV UNW T UVt T QU e Y M VN (V) NN
® 50 8 0 0 000 8 09 PP e O D ® 9 0 % 9 0 9t e 00 s e i ®
QFONNAMONOD FO~NNMOND TN i ENOMOPFRONNNO~4-F DO ¢ LO~ oM
LUl ST d i d o RS IV RN AT L T d i d ik S AU RS AL S o T LM WP PN VDV M=) NN QM £ o=t
a. [ S I |
~N
[ap]
VWY NOVP NP DINUN QW INR PN N Q DD ORI NP DL NF NNty | -3 O
® 0 8 00 0 9 9 0 00 00 PV SIS ¢ ® 900 09 00 09 09 0 0 U 9N Jo
ONODEN FOF ITHNNINO NN ONNO ZAD ANV OANODPD OO T ~NO = [Ny ]
WO DA P O LN DA ~AND OOV VA A0MMAOND ==t DN N NP ed = DO QA ~ D
CalaRe RelTalralTallalialia e Re Vot o {ta i a T Mo R g QOO 0 OV NI VO NO XOQM~P
=l e ) =t vt b ] ol b ol ) el et ) e gl e el = Tt et el e e ot 7 o oed el ) ] o e et e DO I o JT~
= . x 11
~N
UV L TORPPODROONNMNOMO~TO WP OO DU O P e T D)4 O NNV LS Rolsels o]
Q@PONP IO Q= NOFTRNNDTO TONOOPNP I OPN~—OX S+~
NAONGN DR >IN NP NQ D NN O ONFOONRN~NVDODNPN I DO ~ e
® 9 9 09 €% 9000 T 0T PO O O % 9 99 90 90 90 00 e erwuy
WOWAWT (M ND OUVIT (V=M O VT I MPNOQ I MT MNP ™M Of=J L
OO0 QOMPDON OO O OMNNSDINNOO EQONNQI\OOOONNNNOOZ b Jo 1 POV}
P
-l
—y
(]
—
Q
<
O N OO —F A DN N V= O LVOY NOM=AQPN 0ONTONIDLTD NN Q
~re QO M=DRDVNONNOMONNNOUNY N-MOMMC N O N~ JNO N
P IFNOQ NN =t O O o DUNVNND QD DY P NN D =P OM MNP ~nN Q0
MOUNNON Q= T YOV =IO O =t ) (NT 0\ Pt FOVN T OIS (N VDT M L Landinds )
2 0 9 00 6 0 9 0 0 0% 0 O 0 o0 0 g 0o . ® ¢ ¢ 0 ¢ 0 8 09 08 g 00 ¢ ¢ o A0 ¢« ¢ o
[F2]Ta RS X JX B8 JT YT Vo VR JX JC ZX JToTVaTEa BN X N JX J ZInunng ¢¢\?¢md\m\?¢¢\f2 E N DR
- —
—
e
ac
[
WYNDNW M P O et O =t NN NN PN PR T l\wfowm\tMNNqu‘ONf\’M&l (@ 10,08
OO DY B ONQ MM O T DU DO QU i L) PPN PRPNNPON~O DNV W PO~
NV QONM QO NN PO DMDND DO UV VVOPPROMMUNNERE ==~ O NN W~ O~
9 0.8 0 ¢ 00000008 00 09 0 2NN ®® PO -NCU O@ON

QDORMONITOQOONOLNIODVDONNCI>OTVLTNOVCRANNLONRONNS mCTE, on o
T =g\ = g o o ef e e ) 7 pm) g gt o e poedt N 70 g U J () L ot e e el g {\J 0 e mt e ) e (N e €L V)WL SN S0\

> XL > |1

xXT " W

[SAY) PAEv
SO VOO OO OO OV MU N ENON TN U YOO P NNV MO OO O OO OO R AN
LVOUVUWUOWOWUUWUUWLOLOUOULLOVO W VUIWOWLWVLOWVLWOLOLOLOLO U™ DO
Fer et ettty xE Pt er v et iz 111
[an]alelslalele]alslalalelalalnlelelele]a] QQO00Q0O0QQQCOO0AON Q0N
QO000000QOLVOUOOCOOO0LVOVN QOOULUCOCOOUOLLLOOLIW | ocCco
OLVOLOLULVWOOLVLOOVUOLVOLOOWI OVOOWOLOVWULOUVOLOLLLW O QLU
oQC OOOCOOOOOCOOOC QGO OO0COO00COO0NOCOCCOYT cecO

Q
VOTONYOTONYOTONQYOTONOVLY WOTHINUVOTIONQOTOINYGO=—Y w OCco
MITITNNQOOMMODVRNOUQ—rirda TNNNMM PP TONQ OO DN~ T OWN
LB A B R A L AL I A I N B I B B D e L N L 2 B A B B I A B AR N B R v e L A )

ettt red ol e e et o) et et e e e N NI NN = N NN NI OO NN NN NN NN A L= ¢ T DO =t
@ A0

)
—oo —~CO

80

N




A R Tl t R I At i Grann ande S R e - = - W W W T T T T e N T S —m—Ev i

WDR=OMINMMQ QVROIQVPON—ANOOMNNON~FTNOWMNIIPNO QN AT N~ONO QN o
POV N = OV DNUIN Y Ot QW FOM N TN TUVNNM™ QRN M QedM NN D DO INV TN S
WO STV G U U~ O T W QU NN N et UM W MUY GO N T Y T T
LI N I I I I SN BT N Y Y O N B B R I 2N I R I INY TR TR TN I JNY I I TR Y Y INC NN I NN BN INY BAY IR BN B R
NP OPNFRUNARNSNOCOODNNNNT DF P NNM ~ QAN QRN AR 0 NN N N .
UV QO W™ ™ [N e LX) W) UM N O WIS e e ™2 P QO U0 UN (N WD 0T e = ™ 1 Q) Q0 UY VD) 30w e M Mo e e 0Q Y UV

POV QRN TN ORI NP W=D e (NN D MBSV PN QO QW NN ROWDNT O NN MWO QO N
VPRVO ¢ ¢ 5§ ¢ ¢ 0 60 0 0 07 09 206 0690 0 ¢ 0 000005090 090 ¢80 ¢t o900 990 90
0 e e NVNODVNNMNONAHDINP TN T OO RPP DA NODN O QNS P N Dy N
VNP FON N PRt AR i SN O NN QNN DI N QD Q0 AT IMNMNNADI MO
AT OCOOOOOO™rdrdrt~—~O OO QOO 4t —t4OQQQUO—rird "~ —OO00C OO ——!
D TUN o ot ol ) = bl b et el ol el e el el e e e el el ) 4 ad ed 1l e el e el et i e el el el —d

M RN O VN FND QNN QGRP=N N T OB/ NI NP N QO VO O NN QU NN OO
NV ONMF~DOPINORMNF MO PNORO O TN NN NDNQ NN D OO T F i e i
0o 00 o o Qr o 0o 000 SNMPONMMN o ¢ 0 g 0 oNANNDN ¢ 0 0 0 ¢ ¢TIV o ¢ o o ¢
QIFTWINUY 0 or I YImiU'T @ 0 0 ¢ ¢ SOUWINMI=rd 0 0 0 ¢ Srd[erdiUIMT) & & ¢ © g o NN
WININQOMNO O ™—OO0 QM RO O™~ ~OONN~NNVGCGON~ OO MVt PO O 1O
e e A AN D A v A A AP PP PP R At A A PO PP P A A rd t DD RPN A et b i

OV EF=MANO 0~ QMM ONNCONNOVNNDOPO~FTOTFONQQ OO~ 0NN
QYUMMPNMDYONODVM~QOMPONNIFDVDINMNAROO 0 MNOBVF V=D VDO JONTIND
L ONONOMOMNIFNIT T ONMOPPN T DOONTONTFOOR NP Ve OF E—TONQOM
WUV NAT P NN NP O NSO R = N T MO N M et NN N O MNP T N NN =M O DN T MO QM)
P 6 0 0 0 0 0 0 0 9 0 e 8 9OV TP O P e OO LGSO et g e
POVt 00000 QO ~-000 00 O 00 0 VQ OV OMNNIANN~00

T M OFMF = OON N YO MO NMILN N M40 O 0 F N G ONPM —3 O OF PO RPN MNO D
CPVOP—~HITO~NQONRDITNMeM~F=ON~ONONO~QO M QDY NP = -FONO VO~
P ANV NOMOOMN T OMNNOO NG OV F e NP AN M O e (N NN QT NP QP Y DN
OUY 0 0 0 0 ¢ 0.5 0000606 00 0000 099 0 ¢ 906095006600 0095000900900 0000

¢ eDHACOODHNATENNAOOOC NN FMNHCOOO NPT NNACOCC ~N NS
{' LD R ol 17t rmad 8.t nd ot et ] et et e 1 £t ] ot et et 8 1t 1t e emed ol =t et Pt o et 1= b o o e Pt ol ot et ot omed et Pt

LM N T T (A TRV AR T L LA TAR IA A R AR Ta R EA R TR TR TR TR TRV T N TRV TRV TV IR TR VI VIR F RN TRV TR VY VIR TV TR TR VIS TR TRV IRV TR VTR VTR VIR
LOOLUOVOUULOVWOOLOLUOUOUUVLULOULLUUULUOUW U UL WO WO O
! it b bttty tt eyttt et r bt
0220000002000 AD0O0R0000OO0A00QANAONA0CNOAADORNN
= CUOVCOQO0CULO000000000COCO00UONCOVOVCLVOUVOCOLOLUUOCOO0
b COO0000LVLOUOOULLUCOVOOOLLOOUOOOLIVULUOWLY QULOLUOUOWO
f. CO0COQ0QCOCO0OVNCOCNODOCDOCOOOTOACOCCCQOOCOOCCOQC
3 0000000000 COO000O00VOOCOTVNVOTINVOFIWN YO TONYOIDNVOT
VO TONYOLFONJOTDNULITONVOVO~NNNMNMNL TG OO B 0O NP0
LI I B A K B BN L L B B I Y B N B B BN NN TR NN BN BNE JNY BEE BN 2N DER Y RNY NN NN NN NN IEC RN IEINE I SEFSE JEE NN R B ]

Tl  LaVIaVTAaTaa RC ¢ JX SVo TTo RV, RVa RN o T gy T o Be - Bo o Jo W A e B B B B Lo Lo P T P G PSS PPY N To




NP UV P D T P O X0 QP W
=D TNV DN YW QOM 9PV
NSO ENTVIMT™ U YU NG U NN W TP (NT U= Yy
L I ) e & ¢ 8 ¢ 0 9 0 ¢ 9P 9 e e 0
Q=0 L ANOMN NDONND VR - NNNO
W or- e W D @ QI M M P @y
a
N YW MQOT (NUVD QP OW R

LY 9 00 00 00 0P e e
NN TOOMNMOF INONYO IMNNO

QN A DNNN PPV Q0N O NN
4 e—t—t XOOAOQQOmirtrmt i —O000

L L L] Tt ot et v bl ol el o et o~
k

QNGO RVOVOVNY P QN D NP N DL T )

NYO P QN T VO M O (NN i

[Zal% N ¢ ¢ 0 0 0 eONON ¢ o

Q e 0 NN & ¢ o 0 oCIUY

o= PO OO O QN =NNO O

~O E’)O‘Q\—"—‘—O""-—CHO\@O\O\G—O-—Q

NI ONDNMNYRNQNNO MDD
NN DPVOOONPI >NV N FOND
Laada L d OOt~ QA NV QOB N
O ‘D—OMQM—-NDQ‘N—OMOONQ'Q‘
* e 0 Q. o o 9 ¢ ¢ o (] [ S ]

0o ZON“NNNOOOOOONNNN

N X QT N (T IO O D
Mo DT NQ TP MU= T MO
OOM I~ Fo O F NN N F NA MO~ ®
0 sNOU, ¢# @ 2 9 0 g 9 ¢ g 00 0 0 g 00

¢*\H>OZOOOO—ONM~?\?MN-—|OOOO
et U 3 € UL et ot 10 g =ty omd ot e et gt £t et

*r>>
[4 B8
W
[SVTRVTRNT AN VENUN S VOGNS NN VOO LY
(S LW W] VOUWWUOLWUOLUOUWWOVLUOL

LR A
Qao [alalalala/nielslelalslnleinlale]
OO0OWLLH O00COVOLVLOOOVWLOOOVO
[=lele] [olelelelololelolololelolvle lale)
WNQLY WOTDONQOTDNYROTONQO
It TN NN MNP NVUND Q QM@
P I I e R A A B R A I A A A ]

NN = = NN NN NN NN O OO PN N
fes]

~OQ

82

e T



O0QWVWOOQULVLCQ QOOQOOOVI0L0IVIVC
[elelololelolols]e) [ololeleleiplololvalelolslole]
QOOQODOONO [elolololelelqislelylslolelnle]
[elelslelalglels lo) [elelelolelolslv]ololrolelele]
M)y ¢ 9 00 9 90 0 ¢ e0O000Q0OVOVOCOUOOOCO * ¢ 0 0 ¢ 0 0 95 028 0 ¢ ¢ ¢ 1 00000Q0O
Wrdrrfrirdririrdirsd ¢ ¢ ¢ ¢ ¢ ¢ ¢ 0 ¢ ¢ ¢ ¢ ¢ ¢ Srdrririrdrmirdririsdrdririrdmi{rd ¢ ¢ ¢ o ¢ o ¢

vy

[olelelolelelolslolololelelo]e)] (o]

QOOQO0OO0COQOQOOO o0

QOOQOOOMOANO0OO0C Qo

QLUVWLUOVLLWOWLOOCO (& 18}
NOOQUOOOQOOOOOCOO * e ? 00 08 0 00 0 ¢ 9 0 00000000 OTOCTLCO o °
Ul ®© ¢ 900 0 0 0 0 ¢ 9 0 ¢ ¢ Srirtrdmdriridrirdrirdrdmirri{r ¢ ¢ ¢ 9 ¢ ¢ ¢ 0 ¢ 0 ¢ ¢ ¢ o orirt
%]

[plelealelolelolelololeolvlelels lalele] QOOC OO0 N
[elolelolololelololololelelololelale lal [olalelalelelmlelnlolwle]
[elelslvlalolvlolelslelolviololololvel OO0V O0QCCOC OO
(=lelelslaleialelelaleloleiolelslslvle) [elo]loleldlaldleleldlels
— 0 9 9 2 000 g0 g 9P s 9o sO00Q0QCOOOOROCOCOC 99 20 ¢80 90 0 0
U rded o e = el s e e e e el pmd i {o=d =t ® @ & § 8 0 6 0 0 & & § 0 O @ rbrmd rdraf md =t rd d el g b |

OV O WO MO UM = N QO r 4O NN DN W N VY NO P NN DN Y =~ CON QO =T
W PLPPANUVUNON PO N e (O r AN e NP T F U QP O el ol e T P T UV QP
NOPUONOQOUFENOQOONTOGMNDOO ® ¢ 6 0.0 0.8 00 900 09 069990 900000900
VOO ¢ 000008 00008 498 2 1 TOVNVLOSONTILOONPNMNORU M

Qrié o ¢ IOTARNMEMNARONAAPNAORNNDO=A~ANNOIT SN OMNNODONC O~ N MNP $
O S (1) NS e Pt CNCUY (VN ST U YN NI 1 WA (YW 7 g i) o 404 9 g gt vomd 7 o rmd o e =t 8 (N CNJUONONONS OO ON

o

THRST

AN D B TNTA M EA TAL AU T S LT TAA TR TATERS AT TATIMITAT AR IR AR IR TRVIR VIR IR VIS VIRAR I D ARV AR IR TR T TRVIR IR
ULUUVUUUUOUOUUULUOQOUU ULV OOV UOUI U DU DO OO0 OO I
Lree e v e bt bt et er et er et et
alalalnlelslalainlalalelalslala/elslaslalalalalalalslalalslelslalalslalelalalalelelaTale]

" QOO0OULUOUOOOO0LOOCOUVUQOOOUVUOOO0OLOOO0O00ODOO000OVOLOLOWOO
LOOLOVOVLULVVOOOULVOUVOWCOULULOUVUOOLUDUOULDOLVL'UOVVLUOVD
OoooooooooococooocCOOOOOQOOOOOOOOOOOﬁcobooOOO

w QUOO0QCOO0CLOOCOOO00COO00QOVCOOTONYOTINVOTONYOTINVO
QONVOTONVOFDONYOPF DN YO FONQLOQ—A~NNNM M PP EWN QY QO M1
—-dtu) ¢ ¢ ¢ ¢ ¢ & 0 9 9 S © 9 9 9 O % 5 O P O O 00 OO O g O GO P VPV g O 9 OO PO VPGPS OO

b 0 LR NN P PF SN O 0O P P00 DO O UV O vt ot rmed oot 7t gt b 1t el ot ol =t 1 4 ot e =

oo

83




T

W T T T e T T N v

[elolelolololalelole]

[ololalelelslele el

[ololelelololelelelw]

VWO0OWUWWOOLLVOY
MOQOOVOLO0VOO0QOLVOOCOO0OO ¢ ¢ ¢t et s 0 ¢ QOLVOOOVOOOOOO0OLOO
T ¢ 0 0 0 40 0 9 0 g 00 90 0 g 0 ¢ Ordrdrirdrdr{sirirdir—{ ® 6 2 ¢ 0 0 & o 0 ¢ g 0 9 s 0 o
2]

[elelele olelolslole]

[elelelelolelnlelole]

[ololololpleloleolole]

QOQOOO0000
NOCOOOOOQOOO0OCONOOCOOOOOOQCT ¢ ¢ 0 0 s 0 0 9 1 1OOQOOOTODOOO
5)..0..0...'.O....0.0....Qc—‘.—p—lv—‘o—l-—.-—l—-"-h—‘ol'....00'..

OO0 CO0OO0CO0O (o olelolelels

QOO O00000VO QOOC OO0

QOOOO0O0O0O00 OCOO0000

OCOOO000« OO QOCOOCO

QOO0 OCOM o 0 0 ¢ 0 0 0 * IO OCOOQAOODOAOCOHOMTOC: o 0 ¢ ¢ s 0 ¢

£ 9V 90 9PN Nrtripfrirdririririrt ¢ & ? 0 ¢ 0 0 0 * 9 O O O 0 0P PO ® Srdriitr—trid
vy

A A M ATIATTRRIR RARIRT SRR IARIRNCARTRNIASTARIANNRRSANIAS RN IAS AR IAR AR AR (LR 18 (IR AT IR "AS YIS 'IR VIR VIR LIS VIR TR VIR TR VIR FARVIR VIRV

I I OO LU O LI QI WL U UL O W I WL AW I WA W )
L L L L I T L I T L A O s I |
[wlalnialslalale/slelalalalalalalalslelalslalaalwlslalslenlalalalealalalslolaln]e]lalnle]

" (Sleleleldlolele/dlalalBsloleloBolaldlolelolelslololaldlaloleldloldloleSléleldlalslSls)]
VULOLOUUVLUOOOLVOC PVOLOWLLOVOLOLOLOULOLLOUOLVWOLVWUOOLOD
Q0000000000000 r SCOO0O0OO0OCOOOONODOCOOCOOQCOOQOCO

W O000QOO0CUUO0O0O0UIO000O00OOCOTINVOTONYVOTONYOTODNYVO
QONYOTONWOLONYOIONJOLFOINQOUO~(NONNMMPF T TN QOO0
a-d?il) & @ ® O % § 0 P O O 0 T U 9 0 O O 0 O O P O O O TV O OV P O O OO Q9 O ¢ O O OGN PV
P 0 F Qe NN VO OO OO P=P 0G0 T GV U ol et e el b el rd e pmd ol gt 74 e b 0od o] 7oed 4ol 1ol el vt

(=] =}

8u

. . . - - - ‘e O‘. ., \" -.' . --' LR
e tatata At Al AR AL A A R b




[oleolelololelelelo)e] oo
QOOO0QOCO0OC QO
[elelelelololololola) Q0
OWLUVOLLUVOWW DO
WVOOOOOUO0OO00O0O0O000LO0O * ¢ ¢ ¢ 0 0 ¢ 0 ¢ 10000000V COUOOUOOQUVUOO0OWL ¢ @
B o0 0 e ¢ 0o 00 90 ¢ ¢ prirfeeiriririrdpfeded 9 # ¢ ¢ ¢ ¢ ¢ 0 ¢ 0 0 ¢ ¢ 0 8 ¢ ¢ ¢ & or-irmd
vy
[elolelqlelelelele] [e]loleloleleleolele L]
[elololelolele ole] [olelelolelsiololele]
[slalole]olele =lel [eleolololealelelsls] .
[olelelalslola sle] [eleldlelelelele d]ls)
UV 0 0 00 00 09 IOO0OCOODNOOOOCOOCOOOOC D s 0 0 g 00 ¢ 8 3 ODOO0OCMO
Rrdrdpdriredodrirde=t ¢ ¢ 0 0 ¢ ¢ 0 ¢ ¢ 0 ¢ 0 4 ¢ 9 ¢ ¢ 0 0 Srirtrirdrdmirdririmt ¢ ¢ ¢ ¢ & 0 o
(%]
QOQOOOCOO0O0O0000C0 QOQOQOOCOCOOQO
[wlolelalelole ole/ololelelel [elolololelolelols s
(olelelole/oloolalolelslels) [o]lelololololelalolel
[e]lelelolglwle vlolwlololelel [elolalslelolalalel gl
OF ¢ 0600 0900 00080 0O 0MNOACCOOOCOCOIOOOD ¢ 8.6 6.0 0 0.0 0 s
Rrdrdrtrtrietrdtedrietmmiririrey § ¢ ¢ & ¢ ¢ 0 ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ 0 5 Sejrirdrmirirmiririmird ¢ §

v

NTATAPOURS IO EE MO R IVP U IO IV IO BV IO IO DUV IOV 0D M 1NN N OO NSNSV N TN NN OO OGN O
VUV VLOLUWILUWOWVOWUUWLOVUOLUUULUWVUWWULUOUUOLO VUL LD WO WW
Pt ettt b ettt e et e ety
mlwnlalale/alnalalalsala[alalalelalslalalalalalalalalslalalalalalalalalalelelals]alala)

[} [elel=lelale dlolaldlololslololilalelolaldlilslblelslHalslolslolaldlelalalal Ml IS F S5
OO LVWUOLULOOLOLOWUOLLVOLOOLLLUVUOWOLOLOOUVOLUOULVOOUOOLL
(wleivlelolelulolalolo]elololvlalelelolelgnlslololalolelslolololololalololololala gl alale]

W QOUOO0COCOCIOCOO0000000OOCO0OTIVINVOTINVOTRNQOTON QO
XL OONVOTINOVOTIOINYOTONVOLIFONOVOUO~NNINMOM PP TN QO WMM~D
B A I A R A A 2 I A A I A A A A A I I I A T I A T A A

r ¢ O O ONN TN TSIV 0 Q0T M= 00 ) GO TN O ot b el et et ot et oo 1 reed b e et vmed] ek ot par 4

oo

85

I R

1
b

C o
PP S W W

s aand

"y




-
g
,
r
’
@
od
[

1IST OF REFERENCES

Fiscal Year 1983 NAVAIR_ Strike Warfare Technclogy

Plan, Advanced Missile Control Devices, by k. .

Dettilng, Septe€mber T1Y%2.

s§eckhart, F. H. and Green, A. L., A Guide to Usirng ‘
CSMP - The Continuous Systen Modeling~ Erogranm, ]
PrentiCe-HalIl, Inc., 197%.

Kuo,  B. C., Automatic Control Systems, 4th ed., |
Frentice-Hall, Inc., 1982. :

Fitzgerald, A. E. and Kingsley, Jr., Charles, E
Mackinery, McGraw-Hill Bock Company, Inc., 18527 1

D-C. Hotors, Speed cControls, Servo Systems, An
Engineering  Handbook, Oth-  ed., Electrocraft o
Coiporation, 1%78.

FoLa.

P o T

‘. PP :
4 TR N A

MY

oo .
vt e T e

. PRI

4 A _am_ 4 A A A AR 1A

.. 5
A
.AJ
S a
i
;

86

............
...................
------




T ——— R Ty ———— " n v — 1‘r"“v}
T

. BIBLICGRAPHY 1

Demerdash, N.A., Miller, BR.H., Neal, T.W., "Comparisor
Between Features and Ferformance Characteristics of Fifteen
HP Samarium Cobalt and Ferrite Based EHrushless DC Mctcrs
Operated by the Same Power Conditioner," IEEE Transactions
%gePcuer System Apparatus arnd Systems, v. PES-10Z,7 " January

Cemerdash, N.A. and Nehl, T.W., glgég;g Modeling c¢f Erushiess !
] DC Motor-Power Conditioner nit for ~ElectTomecLarnical 1
P Actuator " Arplicatioln paper  presented "at IEEE “Power i
b tIectIonics pec15115{s Conference, San l'iego, Califcrria, 9 d
[d June 197S.
4

LA a4

Miller, 7T.J., "Rare Farth Magnets Contribute to Small Size,
?%8% Torque of New Motor Designs," Control Engineering, ¥ay,

Murugesan, S.,_ "An Overview of Electric Motors feor Space
Applications," IEEE 1Iransactions on _Industrial Electrcrics
and Ccntrol insfruggnfatlon, V. IECT-28, November, TSBT.

o PP ——

National Aeronautics and Sp Administration

cr-16034S, VNumerical Simulatic¢n of Dynamics of 3rus

Motors fo Keroggace and_ Othe PpLicatioRs, by
h Nove T

L
Pemerdash and T.¥. Nehl, 15 975,

14 mealaa'a & m e o4 ala

nautics ard  Space Administration Report
ytical Modeling of  the Dvpamics of Er

ﬁ ReIospace Application ).} Cot
u

S S
< by W.A-0. _DemerdaSh, F.B. —fastman,—
Y8 August, 1976.

Cn Many New Appiicaticns," Electronics, hugust 2, 1971.

)
1
Cppenheimer, H. “"In IC Form, Hall-Effect Devices Can Take _i
B

Society of_Automotive_ Engineers, 1Inc. Technical Faper
Series, #780581 Electfomechanical Actuator Technclggy
Program, by J.T.

Eage, KprII 1978-

87

e L e e s e e e P e T T e e e e T e e T e e, . IS S B U U SR
. A . S e Tt e L e LT e e . . S T M R A e Ny L e e e ™
- . . L) St s T e T e o e e, S0 o

LT A T et et . . . .
IR L RN P P R T L U L AT N, PN L - o LI B S S R .
W W P . N, UL R A P i, 0, ke L/ L, WS U W S S Py S . s SR L Ptk S S SR S Pl Wl AT o L, VI AT G AP ST LY AP LA |




------- A Sah il Aot Zaetitd Shedh Yoy TSI ot AT ST I s S TR ST A S P P S A ERE AN A A T e S e A A e

B
1
l

-~

INITIAL DISTRIBUTION LIST

yvrv v

‘

V LR
-t
.
N
I
'

No. Ccpies

Defense Technical Information Center
Cameron Statiom | |
Alexandria, Virginia 22314

2. Lihrar¥, Code 0142 2
Naval Fostgraduate School
Mcnterey, Califorria 93943

3. Derartment Chairman, Code 62 i 1
Department of Electrical_ Engineering
Naval Postgraduate School
Monterey, Califorria 93943

() 4. Professor Alex Gerta, Jr., Code 62Gz 2
Derartment of Electrical ﬁnglneerlng
Naval Postgraduate School
Monterey, Califorria 93943

5. Professor George J. Thaler, Code 62Tr 1 .
Department of Electrical Englneerlng R
Monterey, Califorria 9394 .

6. Naval Weapons Center, China Lake 2 __‘f
Weapcns_Power Systems Branch RENS
Code 3275 . ST
Attn: R.F. Dettling . SRR
China lake, Califofnia 93555 ood

. 4

7. Steven ¥ Thonas 1 -

LT -
998 leahy Road W
Monterey, CA 93940 SR

88




L aams

s

—

4-85




